The nonenveloped polyomavirus (PyV) simian virus 40 (SV40) traffics from the cell surface to the endoplasmic reticulum (ER), where it penetrates the ER membrane to reach the cytosol before mobilizing into the nucleus to cause infection. Prior to ER membrane penetration, ER lumenal factors impart structural rearrangements to the virus, generating a translocation-competent virion capable of crossing the ER membrane. Here we identify ERdj5 as an ER enzyme that reduces SV40's disulfide bonds, a reaction important for its ER membrane transport and infection. ERdj5 also mediates human BK PyV infection. This enzyme cooperates with protein disulfide isomerase (PDI), a redox chaperone previously implicated in the unfolding of SV40, to fully stimulate membrane penetration. Negative-stain electron microscopy of ER-localized SV40 suggests that ERdj5 and PDI impart structural rearrangements to the virus. These conformational changes enable SV40 to engage BAP31, an ER membrane protein essential for supporting membrane penetration of the virus. Uncoupling of SV40 from BAP31 traps the virus in ER subdomains called foci, which likely serve as depots from where SV40 gains access to the cytosol. Our study thus pinpoints two ER lumenal factors that coordinately prime SV40 for ER membrane translocation and establishes a functional connection between lumenal and membrane events driving this process.
V
iruses must penetrate host cell membranes to reach their proper intracellular destination where they replicate their genome, producing viral progenies used for the next round of infection. While enveloped viruses breach host cells by fusing their membrane with a target cell membrane, the mechanism by which nonenveloped viruses penetrate the host cell membrane must be distinct from that of enveloped viruses, as they lack a surrounding membrane. Despite being poorly characterized, a series of biochemical experiments provided a general model describing nonenveloped virus membrane penetration (1) (2) (3) (4) (5) . In this model, the nonenveloped virus first traffics to the proper site for membrane penetration. Here the viral particle undergoes defined conformational changes induced by host environments and factors (e.g., low pH, proteases, reductases, and chaperones) that either expose hydrophobic moieties buried in the native virus or release small lytic peptides hidden in the intact virion (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In the final step, the hydrophobic viral intermediate (or lytic factor) engages the limiting lipid bilayer, disrupting its integrity and enabling a subviral core particle to cross the membrane, in some cases aided by cellular membrane machineries (12) .
The simian polyomavirus (PyV) simian virus 40 (SV40) is a nonenveloped virus that serves as the archetype for studying PyV entry. Well-established human PyVs known to cause debilitating human diseases include JC PyV (JCV) and BK PyV (BKV) (13) . Structurally, the major capsid protein VP1 of SV40 forms 72 pentamers arranged as an icosahedral particle that encapsulates its double-stranded DNA genome (14, 15) . Each VP1 pentamer also interacts with one copy of the internal protein VP2 or VP3 through hydrophobic interactions (16) . Three major forces stabilize the overall capsid structure (14, 15) . First, the C terminus of each VP1 protein "invades" a neighboring VP1 pentamer and makes extensive contacts with it. Second, a complex disulfide bond network is formed among the VP1 pentamers that further stabilize the capsid structure. Third, calcium ions bind to negatively charged residues in VP1, further supporting the overall viral architecture. When fully assembled, SV40 displays a near-spherical geometry, with a diameter of ϳ45 nm (14, 15) .
To infect cells, SV40 binds to the ganglioside GM1 receptor localized on the plasma membrane (17) . This interaction induces membrane invagination (18) , allowing the virus to enter cells via a lipid raft-dependent endocytic pathway (17) (18) (19) (20) . The virus is then transported through the classic endolysosome system, where it is sorted to the endoplasmic reticulum (ER) (21) (22) (23) . In the ER, SV40 experiences conformational changes that enable it to penetrate the ER membrane and reach the cytosol. However, despite these conformational changes, it remains large and intact when crossing the ER membrane (24) . Interestingly, thin-section electron microscopy (EM) analysis of ER-localized SV40 in infected cells suggests that the virus may become smaller in the ER, decreasing from its native diameter of 45 nm to 34 nm (25) . Thus, the precise nature of SV40 in the ER is unclear. Regardless, upon reaching the cytosol, the virus undergoes significant disassembly to release the VP1 pentamers (24) . The resulting smaller core viral particle harboring the DNA genome enters the nucleus to cause lytic infection or cellular transformation (26) (27) (28) . In the context of this entry pathway, the molecular mechanism by which SV40 in the ER is primed for membrane transport is yet to be fully clarified.
One model posits that disrupting SV40's interpentamer disulfide bonds and unfolding VP1's C-terminal invading arm would induce a conformational change that destabilizes the viral particle, leading to the exposure of SV40's hydrophobic VP2/VP3 internal proteins (29) . The resulting hydrophobic virus in turn integrates into the ER membrane, engaging selective ER membrane components that promote translocation into the cytosol. In accordance with this model, an ER lumenal protein disulfide isomerase (PDI) family member called ERp57 was shown to isomerize a subset of SV40's interpentamer disulfide bonds, while the canonical PDI itself is thought to unfold SV40 (30) . Furthermore, the ER membrane protein BAP31 was found to interact with hydrophobic SV40 via the exposed VP2 protein (25) . Despite these findings, what remains unknown is whether other PDI family members disrupt SV40's disulfide bonds and whether members within this family might cooperate with each other to fully prepare the virus for ER membrane penetration. Additionally, a functional link between lumenal and membrane events essential for ejecting SV40 from the ER to the cytosol has not been demonstrated.
Here we demonstrate that the PDI family member ERdj5 reduces SV40's disulfide bonds to prime the virus for ER membrane transport and infection. This reductase acts in concert with PDI to prepare SV40 for membrane penetration. Negative-stain EM analysis suggests that ERdj5 and PDI induce structural alterations to the virus. Importantly, this conformational change is required for SV40 to interact with BAP31. Our study thus identifies a new PDI family member that cooperates with PDI to facilitate SV40 ER membrane penetration and establishes a link between lumenal and membrane events essential for the translocation process.
MATERIALS AND METHODS

Materials.
Polyclonal Hsp90 and SV40 large T antigen antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), polyclonal S tag and monoclonal PDI antibodies were obtained from Abcam (Cambridge, MA), monoclonal BiP antibody was obtained from BD (Franklin, NJ), monoclonal FLAG antibody was obtained from Sigma-Aldrich (St. Louis, MO), polyclonal ERdj5 antibody was obtained from Protein Tech Group (Chicago, IL), and monoclonal BAP31 antibody was obtained from Thermo Fisher Scientific (Waltham, MA). Monoclonal c-Myc antibody was isolated from 9E10 hybridomas. Monoclonal antibodies against SV40 VP1 were generous gifts from W. Scott (University of Miami). FLAG M2 antibody-conjugated agarose beads, FLAG peptides, Triton X-100, octyl-␣-D-glucopyranoside, N-ethylmaleimide (NEM), and dithiothreitol (DTT) were purchased from Sigma-Aldrich; digitonin and S proteinconjugated agarose beads were obtained from EMD Millipore Chemicals (San Diego, CA); protein G magnetic beads were obtained from Life Technologies (Carlsbad, CA); and dithiobis-succinimidyl propionate (DSP) was obtained from Thermo Fisher Scientific. Purified BKV and pAb416 antibodies against BKV large T antigen were kindly provided by Michael Imperiale (University of Michigan).
siRNA transfection. The small interfering RNAs (siRNAs) used in this study are as follows: PDI siRNA (5=-GACCUCCCCUUCAAAGU UGTT-3=) (Invitrogen), ERdj5 siRNA 1 (5=-GGACAAGGAACCAAA GAATT-3=) (Invitrogen), and ERdj5 siRNA 2 (5=-GCUCUUGGCUA GGAUGAUUTT-3=) (Invitrogen).
Duplex siRNA (30 or 50 nM for PDI and 10 nM for ERdj5) was reverse transfected into cells by using Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer's protocol. Allstar negative-control siRNA (Qiagen, Hilden, Germany) was used as a control scrambled siRNA.
SV40 preparation, ER-to-cytosol transport, and infection assays. SV40 preparation, ER-to-cytosol transport, and infection assays were performed as described previously by Inoue and Tsai (24, 31) . Approximately 1,000 cells were scored in each experiment, and each experiment was repeated at least three times.
Rescue experiment. CV-1 cells transfected with siRNA against PDI were further transfected with a different DNA construct by using Fugene HD (Promega, Madison, WI), incubated for 24 h, and infected with SV40. At 20 h postinfection (p.i.), cells were fixed, and infection was assessed by immunofluorescence microscopy, as previously described (31) . In FLAGpositive cells, the extent of T antigen expression in the nuclei was scored. For the siRNA-resistant PDI construct, the following silent mutations were introduced into the C-terminally FLAG-tagged mouse PDI construct by overlapping PCR: 650-AATTTCGAGGGTGAAATA-666 (underlining indicates the introduced silent mutations). At least 100 cells were scored in each experiment.
Purification of recombinant proteins. FLAG-tagged ERdj5 and green fluorescent protein (GFP) were purified as described previously by Williams et al. (32) , with minor modifications. ERdj5-bound beads were treated with 1 mM reduced glutathione, washed, and incubated with FLAG peptide to elute the bound proteins.
In vitro SV40 reduction assay. Purified SV40 (50 ng) was incubated with GFP-FLAG (1 M) or ERdj5-FLAG (1 M) at 37°C for 30 min, followed by the addition of SDS sample buffer containing 10 mM NEM. Samples were analyzed by nonreducing SDS-PAGE and immunoblotted.
Isolation of endosome-and ER-localized SV40 from infected cells. For isolation of endosome-localized SV40, cells were infected with SV40 (multiplicity of infection [MOI] of ϳ30) for 2 h in a synchronized manner, harvested, treated with 0.1% digitonin, and centrifuged at 16,100 ϫ g for 10 min. The resulting supernatant fraction containing SV40 in endosomes was further centrifuged at 50,000 ϫ g in a Beckman TLA100 rotor for 30 min, and the resulting pellet fraction was resuspended in a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, and 1% octyl-D-glucopyranoside to solubilize membranes. Following solubilization, SV40 was immunoprecipitated with SV40 monoclonal antibodies (CC10 and BC11), and the immune complexes captured by magnetic beads. For isolation of ER-localized SV40, cells infected with SV40 (MOI of ϳ30) for 6 or 12 h were treated with 0.1% digitonin and centrifuged at 16,100 ϫ g for 10 min. The resulting pellet fraction was further treated with a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, and 1% Triton X-100 and centrifuged. The Triton X-100-extracted material was further fractionated by Optiprep gradient centrifugation, as described previously by Goodwin et al. (33) , and subjected to immunoprecipitation with SV40 monoclonal antibodies. For samples transfected with siRNA, the Optiprep gradient centrifugation step was omitted, and ER-localized SV40 was isolated directly from the Triton X-100-extracted material. As a control, wild-type (WT) SV40 was incubated in a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, and 1% Triton X-100, followed by immunoprecipitation as described above but without the Optiprep gradient centrifugation step.
Coprecipitation of ER-localized SV40 with S-tagged BiP. CV-1 cells transfected with S-tagged BiP using Fugene HD (Promega, Madison, WI) were reverse transfected with scrambled or ERdj5 siRNA 1 for 24 h and infected with SV40 (MOI of ϳ10) for 6 h. Cells were subjected to the fractionation method outlined in Fig. 1A , and the resulting Triton X-100-extracted material containing ER-localized SV40 was incubated with S protein-conjugated agarose beads at 4°C for 2 h. The bound proteins were washed, eluted with SDS sample buffer, and subjected to SDS-PAGE followed by immunoblotting with the appropriate antibodies.
EM analyses. SV40-bound magnetic beads were directly applied onto a glow-discharged copper grid. The grid was washed with water three times and stained with 0.75% uranyl formate. The samples were observed with a Morgagni transmission electron microscope at 120 kV.
XBP1 splicing. XBP1 splicing was performed as described previously by Uemura et al. (34) , except that CV-1 cells were used.
Coprecipitation of ER-localized SV40 with endogenous BAP31. Cells transfected with scrambled siRNA, PDI siRNA/ERdj5 siRNA 1 were infected with SV40 (MOI of ϳ10) for 16 h, washed with Hanks balanced salt solution (HBSS), and incubated in HBSS containing 0.2 mM DSP at 37°C for 30 min. Following extensive washes with phosphate-buffered saline (PBS), cells were harvested and lysed in a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, 10 mM NEM, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The resulting whole-cell lysate was incubated with a c-Myc or BAP31 antibody, and the immunoprecipitates were captured with protein G magnetic beads. After the beads were extensively washed with a buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, and 0.5% sodium deoxycholate, the bound proteins were eluted with SDS sample buffer and subjected to SDS-PAGE followed by immunoblotting.
Visualization of SV40-induced focus formation. Cells transfected with the indicated siRNAs were infected with SV40 (MOI of ϳ10) for 16 h, fixed, and processed by using the immunofluorescence methods described previously by Walczak et al. (12) .
RESULTS
ERdj5 promotes SV40 disulfide bond reduction, ER membrane transport, and infection. Despite the ER being oxidized, the PDI family protein ERdj5 was reported to act as an ER-resident reductase in this environment (35) , reducing disulfide bonds within substrates. Accordingly, we asked if ERdj5 reduces SV40's disulfide bonds during infection. Simian CV-1 cells transfected with a control (scrambled) siRNA or either of the two ERdj5 siRNAs (siRNA 1 or 2) were infected with SV40 for 12 h. SV40 in membranes (including the ER) was then isolated from these cells by using an established protocol designed to monitor SV40 ER-tocytosol transport (24) , as outlined in Fig. 1A . Briefly, infected cells were treated with the detergent digitonin to semipermeabilize the plasma membrane without damaging internal membranes. Centrifugation of the cells generates two fractions, a supernatant fraction (cytosol), which contains cytosolic proteins and SV40 that reached the cytosol from the ER, and a pellet fraction (membrane), which harbors membranes, including the ER, and membrane-associated SV40.
The membrane fractions derived from control and ERdj5-knocked-down cells infected with SV40 were subjected to nonreducing or reducing SDS-PAGE followed by immunoblotting. Strikingly, under nonreducing conditions, less of the VP1 monomer was observed in ERdj5 knockdown cells than in control cells (Fig. 1B, top, compare lanes 2 and 3 to lane 1) . This decrease in the amount of the VP1 monomer was accompanied by a corresponding increase in the amount of VP1 oligomers in the ERdj5-depleted cells. The total amount of VP1 in the membrane fraction, as assessed by the VP1 level in reducing SDS-PAGE gels, was the same between control and ERdj5 knockdown cells (Fig. 1B , bottom, compare lanes 2 and 3 to lane 1). These findings suggest that ERdj5 reduces SV40 to generate disulfide bond-free VP1 monomers during infection. In vitro, the formation of VP1 monomers (and dimers) was readily detected when SV40 was incubated with ERdj5 (FLAG-tagged ERdj5) purified from mammalian cells (Fig.  1C) but not with the control GFP-FLAG (Fig. 1D , compare lane 1 to lane 2). Together, these findings demonstrate that ERdj5 acts as a reductase to reduce the disulfide bonds present in SV40.
We next asked if the ERdj5-dependent reduction of SV40's disulfide bonds affects the ability of SV40 to bind to the ER-resident Hsp70 BiP (31, 33) . Affinity purification (AP) of S-tagged BiP (BiP-S) derived from infected cells transfected with either scrambled siRNA or ERdj5 siRNA 1 revealed that knockdown of ERdj5 decreased the SV40-BiP interaction (Fig. 1E , top, compare lane 2 to lane 1). Because BiP binds to hydrophobic moieties present in unfolded/misfolded proteins (36) (37) (38) , this result suggests that the reduction of SV40's disulfide bonds by ERdj5 triggers a conformational change in SV40 to generate a hydrophobic virus that in turn recruits BiP. We note that as ERdj5 also contains a so-called J domain that stimulates BiP's ATPase activity to promote BiPsubstrate interactions (35, 39) , the lack of this J domain when ERdj5 is silenced might also contribute to the decreased SV40-BiP interactions.
We hypothesized that the action of ERdj5 on SV40 primes the viral particle for translocation to the cytosol from the ER. To test this, SV40-infected cells transfected with scrambled siRNA or ERdj5 siRNA 1 or 2 were subjected to the semipermeabilized ERto-cytosol transport assay (Fig. 1A) . We found that knockdown of ERdj5 decreased the SV40 level in the cytosol fraction (Fig. 1F , top, compare lanes 2 and 3 to lane 1; the VP1 band intensity is quantified in Fig. 1G ). These data indicate that ERdj5 mediates ER-tocytosol entry of SV40. Consistent with these results, SV40 infection, as assessed by the expression of the virally encoded large T antigen in the host nucleus, was also decreased when ERdj5 was downregulated (Fig. 1H, black bars) . This observation extended to human BKV (Fig. 1H, gray bars) , demonstrating a more general role of ERdj5 in facilitating PyV infection. Collectively, our findings suggest a scenario in which ERdj5, by reducing disulfide bonds in SV40, prepares the viral particle for ER membrane translocation into the cytosol, leading to successful infection.
ERdj5 cooperates with PDI to stimulate SV40 ER membrane transport and infection. Because ERdj5 knockdown blocked SV40 ER membrane transport and infection only partially, we speculated that ERdj5 might cooperate with another PDI family member to more robustly support this entry step. Canonical PDI was previously reported to mediate SV40 infection (30) . However, in PDI knockdown cells, we found that the level of the VP1 monomer was not significantly affected ( Fig. 2A, top , compare lane 2 to lane 1), consistent with data from a previous report (30) . These findings suggest that PDI might utilize its nonenzymatic unfoldase activity against SV40 to prime the virus for membrane transport. As silencing of PDI partially impaired SV40 infection (30), we postulated that PDI might act in concert with ERdj5 to fully support the cytosol entry of SV40 from the ER.
To test this idea, we asked if the simultaneous depletion of ERdj5 and PDI more potently disrupts SV40 ER membrane transport and infection than the single knockdown. Cells transfected fractionation protocol used in this study. In step 1, SV40-infected cells are treated with digitonin and centrifuged to generate a supernatant fraction (cytosol) containing cytosol-localized SV40 and a pellet fraction (membrane) containing membrane-associated SV40. In step 2, the pellet fraction can be further treated with Triton X-100 to extract ER-localized SV40 (Fig. 3). (B) CV-1 cells transfected with scrambled siRNA, ERdj5 siRNA 1, or ERdj5 siRNA 2 were infected with SV40 and fractionated as outlined above for panel A to generate Triton X-100-extracted material containing ER-localized SV40. Samples were subjected to reducing or nonreducing SDS-PAGE followed by immunoblotting with VP1-specific antibodies. (C) Coomassie staining of C-terminally FLAG-tagged ERdj5 (ERdj5-FLAG) purified from HEK 293T cells. (D) WT SV40 was incubated with ERdj5-FLAG or GFP-FLAG and subjected to nonreducing SDS-PAGE followed by immunoblotting with VP1-specific antibodies. (E) CV-1 cells expressing BiP-S and transfected with either scrambled siRNA or ERdj5 siRNA 1 were infected with SV40 for 6 h, harvested, and fractionated as described above for panel A. The resulting Triton X-100-extracted material containing ER-localized SV40 was incubated with S protein-conjugated agarose beads, and the isolated proteins were subjected to SDS-PAGE followed by immunoblotting with anti-VP1 and anti-S tag antibodies. AP, affinity purification. (F) CV-1 cells transfected with scrambled siRNA, ERdj5 siRNA 1, or ERdj5 siRNA 2 were infected with SV40 for 12 h and subjected to fractionation as outlined above for panel A. The cytosol and membrane fractions were analyzed by reducing SDS-PAGE and immunoblotted with the indicated antibodies. (G) The VP1 band intensity in the cytosol fraction shown in panel F was quantified with ImageJ (NIH). Data represent the means Ϯ standard deviations of data from at least 3 independent experiments. A two-tailed t test was used. (H) Cells transfected with scrambled siRNA, ERdj5 siRNA 1, or ERdj5 siRNA 2 were infected with SV40 for 24 h or BKV for 48 h, fixed, and subjected to immunofluorescence staining using a SV40 or BKV large T antigen antibody. Large T antigen-positive nuclei were scored. Data represent the means Ϯ standard deviations of data from at least 3 independent experiments. A two-tailed t test was used.
with scrambled siRNA, ERdj5 siRNA 1, PDI siRNA, or a combination of ERdj5 siRNA 1 and PDI siRNA were infected with SV40 and subjected to the semipermeabilized ER-to-cytosol transport assay. Indeed, we found that the concurrent depletion of ERdj5 and PDI led to a more severe block in the arrival of SV40 in the cytosol than did the single knockdown (Fig. 2B, top , compare lane 4 to lanes 2 and 3; the VP1 band intensity is quantified in Fig. 2C) . No significant XBP1 splicing, a sensitive method to monitor ER stress, was observed with the double knockdown (Fig. 2D, compare lane 4 to lanes 1 to 3) , in contrast to cells treated with the chemical ER stress inducer dithiothreitol (DTT) (Fig. 2D , compare lane 5 to lane 1). These results suggest that the simultaneous depletion of ERdj5 and PDI did not trigger robust ER stress that might indirectly influence viral membrane transport. As expected, the double knockdown of ERdj5 and PDI markedly impaired SV40 infection compared to their single knockdowns (Fig. 2E) . Thus, ERdj5 acts coordinately with PDI to prepare SV40 for successful ER membrane transport and infection.
A knockdown rescue experiment was performed to clarify whether ERdj5 and PDI act in a parallel or linear fashion during SV40 entry. We reasoned that if ERdj5 and PDI are indeed functioning in a parallel pathway, reexpression of either (siRNA-resistant) PDI or ERdj5 in PDI-depleted cells should restore infection because SV40 could use the ERdj5-dependent route when PDI is absent. However, if only PDI but not ERdj5 rescues infection in PDI knockdown cells, the data would suggest that SV40 cannot bypass the PDI-dependent route by relying on the ERdj5-directed pathway. This finding would then indicate that PDI and ERdj5 operate in a linear pathway, where both factors have unique and nonoverlapping roles. Indeed, we found that only PDI but not ERdj5 restored SV40 infection in PDI-depleted cells (Fig. 2F) , implicating that ERdj5 and PDI function in a linear pathway and play distinct roles to promote SV40 entry. This interpretation is consistent with our hypothesis that ERdj5 reduces the disulfide bonds in the virus, while PDI unfolds the viral particle.
ERdj5 and PDI impart structural instability to ER-localized SV40, as revealed by EM analysis. We next used EM analysis to evaluate the impact of ERdj5 and PDI on the conformation of SV40. We first examined the structure of ER-localized SV40 in control cells. ER-localized SV40 can be extracted from the pellet (membrane) fraction by treatment of this fraction with Triton X-100 (Fig. 1A) . This is because during entry, SV40 binds to its ganglioside GM1 receptor on the cell surface, remaining attached to it until the virus-receptor complex traffics to the ER, where the virus is released from its receptor. As GM1 is highly concentrated in lipid rafts, SV40 persists in lipid rafts until it reaches the ER, and because lipid rafts are resistant to Triton X-100 extraction, while ER lumenal proteins are extracted by this detergent, SV40 extracted from the pellet fraction by Triton X-100 represents virus that reached the ER, detached from its receptor, and was released into the ER lumen (24) .
Because SV40 begins to arrive at the ER from the cell surface at ϳ6 h p.i. (24, 30) , CV-1 cells were infected with SV40 for either 6 or 12 h, and the ER-localized virus was extracted by using the above-mentioned methods. Next, monoclonal VP1 antibodies were added to this sample to immunoprecipitate the virus, and the immune complex was captured with protein G-coated magnetic beads. When SV40 bound to magnetic beads is applied onto EM grids, a pool of the viral particles is released spontaneously to the grid surface. Although the efficiency of spontaneous release is low, this process largely preserves the structural integrity of the viral particles, which would otherwise be compromised if harsher methods were used to elute the viral particles from the immune complex. The released particles were embedded in negative stain and subsequently visualized by EM. As a control, input wild-type (WT) SV40 was incubated with the same extraction buffer, isolated, and subjected to EM analysis. To verify the quality of SV40 after immunoprecipitation, the samples were eluted with SDS and subjected to silver staining. VP1 monomers, VP1 oligomers, and, to a lesser extent, VP2 and VP3 were present in the samples (Fig.  3A, lanes 2 and 3) . A band at ϳ80 kDa coprecipitated with ERlocalized SV40 (6 and 12 h p.i.) but not WT SV40 (Fig. 3A , compare lanes 2 and 3 to lane 1); this band was previously identified as the ER-resident BiP (33) . These findings support the premise that precipitated SV40 is localized predominantly at the ER. As SV40 transits through the endosome before reaching the ER (21), we also isolated endosome-localized SV40 for structural comparison (see Materials and Methods for the isolation procedure).
Input WT SV40 was first analyzed. The negative-stain EM projection images of the structure of SV40 revealed that the majority of the virus (Ͼ93%) appeared as near-spherical particles ϳ45 nm in diameter, as previously described (40, 41) (Fig. 3B and C and 4) . Quantification of WT SV40 EM images represents data from at least three independent experiments, with analysis of at least 100 viral particles in each experiment. A very small fraction (Ͻ2%) was not near spherical but instead appeared more angular, displaying an enhanced hexagonal projection profile (see below). While the actual three-dimensional (3D) structure of the viral particle represented by virus with this enhanced hexagonal projection is unknown, we refer to this category as "angular" SV40 for simplicity. A small WT SV40 pool (Ͻ5%) was found to be distorted and was categorized as "unclassified" (Fig. 3C) . Importantly, if WT SV40 was placed directly onto the EM grid, the same proportions of virus in each category were observed (not shown), indicating that our immunoprecipitation protocol did not artificially introduce any structural alterations to the viral particles. We note that the surfaces of the majority of the WT SV40 particles were smooth but infrequently displayed visible associated material of unknown identity, likely representing attached proteins and lipids (Fig. 4, far right, arrowheads) .
What conformational changes are imparted to native SV40 when it reaches the endosome? Similarly to WT SV40, EM analysis indicated that the majority of endosome-localized SV40 particles are near spherical (Fig. 3B and C and 4) , with only a very small pool that is categorized as angular or unclassified (Fig. 3C) . The average diameter of these particles is similar to that of WT SV40. Again, comparable to WT SV40, the surfaces of most endosomelocalized virus particles were smooth but occasionally exhibited associated material (Fig. 4, far right, arrowheads) . Thus, when SV40 reaches the endosomes, any conformational changes that it might experience are likely subtle and not readily observed by low-resolution EM visualization.
From endosomes, SV40 sorts to the ER. We therefore asked whether ER-localized SV40 experiences any significant structural changes. While a majority of the ER-localized virus particles retained their near-spherical shape (Fig. 3B, top, and C and 4) , there was a significant increase in the fraction of angular SV40 particles in ER-localized SV40 particles isolated after 6 h p.i. (15%) and 12 h p.i. (27%) compared to that of WT SV40 particles (Ͻ2%) (Fig.  3B , middle, and C and 4). When ER-localized SV40 isolated after 16 h p.i. was analyzed, the fraction of angular SV40 particles did not increase beyond 27% (not shown). Importantly, the average diameter of ER-localized SV40 particles was similar to those of the WT and endosome-localized virus particles, supporting our previous report that SV40 does not undergo significant disassembly in the ER (24) . Virus surface-associated material was more frequently observed in ER-localized SV40 (Fig. 3B, top and middle, arrowheads, and Fig. 4, arrowheads) . Because negative-stain EM visualization records projection images of dehydrated and partially flattened specimens, whether the observed angular-shaped SV40 particle is indeed a specific morphology generated in the ER requires additional investigation. Nonetheless, EM analysis of ERlocalized SV40 and comparison with WT/endosome-localized SV40 demonstrate that the angular-shaped ER-localized SV40 particles are at least indicative of structural rearrangements imposed on the virus in the ER.
Using the cell-based ER-to-cytosol membrane transport assay, we found that the time-dependent increased formation of angular SV40 observed by EM analysis correlates strongly with a similar time-dependent increase in virus arrival to the cytosol (Fig. 3D) . These findings raise the possibility that angular SV40 particles may act as a functional intermediate during ER membrane penetration.
To test this idea, we asked whether depletion of ERdj5, PDI, or both might prevent the formation of angular viral particles, given that these ER components can impart the conformational insta-
FIG 3
ERdj5 and PDI impart structural instability to ER-localized SV40, as revealed by EM analysis. (A) ER-localized SV40 (at 6 and 12 h p.i.) was immunoprecipitated with VP1-specific antibodies from the Triton X-100-extracted material, and the immunoprecipitate was captured by magnetic beads and subjected to SDS-PAGE followed by silver staining. WT SV40 (incubated with a buffer containing Triton X-100) was also subjected to the same immunoprecipitation method. (B) WT SV40, endosome-localized SV40 (at 2 h p.i.) (see Materials and Methods for the method of isolation of endosome-localized virus), and ER-localized SV40 were negatively stained and visualized by EM. Shown are representative images of viruses from each category. White arrowheads point to virus-associated materials. (C) Quantification of WT, endosome-localized (2 h p.i.), and ER-localized (6 and 12 h p.i.) SV40 as near-spherical, angular, or unclassified particle projections. Data represent the means Ϯ standard deviations of data from at least 3 independent experiments. Each experiment was performed with ϳ100 viral particles. A two-tailed t test was used. (D) VP1 levels in the cytosol fraction derived from cells infected with SV40 for the indicated times (immunoblots) were quantified (graph). Data represent the means Ϯ standard deviations of data from at least 3 independent experiments. A two-tailed t test was used. (E) ER-localized SV40 (12 h p.i.) isolated from cells transfected with the indicated siRNAs was subjected to EM analysis as described above for panel B. Angular particles were analyzed and scored as described above for panel C. Data are normalized to the level of angular particles found in the scrambled control. A two-tailed t test was used. bility to SV40 that is necessary for its transport to the ER membrane and infection. Whereas silencing of ERdj5 or PDI modestly decreased the formation of the angular particles (Fig. 3E) , the simultaneous knockdown of both factors more effectively impaired the formation of angular viral particles (Fig. 3E) . These findings suggest that ERdj5 and PDI act in a cooperative manner to impart structural changes to ER-localized SV40, causing the formation of the SV40 hexagonal particle projections observed by EM. As ERdj5 and PDI promote SV40 ER-to-cytosol transport and infection, we propose that the destabilized virions observed as angular particles represent membrane penetration intermediates essential for the ER membrane translocation process. While the amount of angular particles formed in the ER was not large (only 27%), it must be noted that that successful arrival of one SV40 particle to the host nucleus from the cytosol is sufficient to promote infection (42) .
Physical and functional relationship between ERdj5/PDI and the ER membrane protein BAP31. Our data thus far depict a scenario in which ERdj5 and PDI coordinately act on SV40 in the ER lumen to prepare the virus for ER membrane translocation. A previous report suggested that during infection, SV40 induces the ER membrane protein BAP31 to accumulate in discrete ER subdomains called foci, where the virus also accumulates (25) . Here hydrophobic SV40 binds to BAP31 and becomes poised for ejection to the cytosol. We therefore asked if the actions of ERdj5 and PDI on SV40 prepare the virus for subsequent interactions with BAP31. Coimmunoprecipitation experiments revealed that knockdown of ERdj5 and PDI significantly blocked the BAP31-SV40 interaction (Fig. 5A, top , compare lane 4 to lane 3), suggesting that the activities of these PDI family proteins on SV40 in the ER lumen are necessary for the virus to engage BAP31 on the ER membrane.
Finally, we reasoned that by uncoupling the SV40-BAP31 interaction (via depletion of ERdj5 and PDI), the virus should remain trapped in the foci, thereby enhancing the overall focus structure. In cells transfected with scrambled siRNA, SV40 infection caused BAP31 to accumulate in foci, as previously described (25) (Fig. 5B, top) ; the foci contained SV40, as revealed by colocalization with the VP1 signal (Fig. 5B, top) . Strikingly, in ERdj5/ PDI knockdown cells, the focus structure was markedly enhanced. In fact, under knockdown conditions, more foci were observed per cell, and the size of the foci appeared to be larger than those observed under control conditions (Fig. 5B , compare bottom to top). Quantification revealed that the number of cells containing at least one BAP31-positive focus increased by ϳ3-fold when ERdj5 and PDI were concurrently depleted (Fig. 5C) ; depletion of single component resulted in a more modest effect (Fig. 5C) . These results establish a physical and functional link between ER lumenal and membrane events that are coupled to drive SV40 ER membrane translocation.
DISCUSSION
A summary of our model describing how ERdj5 and PDI promote SV40 penetration of the ER membrane is depicted in Fig. 5D . After reaching the ER, SV40 is first delivered to discrete ER subdomains containing accumulated BAP31, called foci, which serve as depots for the virus prior to ER membrane translocation (step 1). Here ERdj5 reduces SV40's disulfide bonds, while PDI likely unfolds the viral particle. These two events coordinately induce conformational changes in the virus, generating a hydrophobic viral particle (step 2). The structurally altered hydrophobic virus binds to BAP31, where it is positioned to cross the ER membrane to reach the cytosol (step 3).
A major finding of this study is that ERdj5 regulates SV40 ERto-cytosol transport and infection by reducing virus disulfide bonds, reminiscent of its role as a reductase in the ER-associated degradation (ERAD) pathway (35) . ERAD is a cellular quality control pathway in which misfolded ER proteins are recognized and ejected to the cytosol for proteasomal degradation (43) (44) (45) . In many instances, the misfolded substrates contain nonnative disulfide bonds that must be reduced in the ER prior to their retrotranslocation to the cytosol. ERdj5 contains four canonical thioredoxin domains that harbor the redox-active cysteines used during a typical reduction reaction (35, 39) . Pinpointing which of these domains is used to reduce SV40's disulfide bonds requires further investigation.
In addition to ERdj5, other PDI family members are also hijacked by PyVs to disrupt their disulfide bonds. In general, the use of a selective PDI family protein appears to depend on the specific PyV or cell system under study. For instance, while ERdj5 reduces SV40's disulfide bonds in permissive simian CV-1 cells to stimulate infection (this study), it does not appear to play a major role in mediating SV40 infection in human HeLa cells (25) . Rather, ERp57 is used in HeLa cells to break and isomerize SV40's disulfide bonds (30) . Our experiment also revealed a role of ERdj5 in BKV infection, suggesting that this PDI family member reduces BKV's disulfide bonds during infection. Intriguingly, we reported previously that ERp57 isomerizes the disulfide bonds in murine PyV, while PDI reduces them (11); whether ERdj5 acts on this virus is not known. The different disulfide bond arrangements in murine PyV and SV40 (11, 14, 15, 46) might explain the differential use of PDI family members prior to ER membrane translocation.
Another key finding of this study is that ERdj5 acts coordinately with PDI to regulate SV40 ER-to-cytosol transport and infection. We found that silencing of PDI did not affect SV40's disulfide bonds in infected cells, consistent with data from a previous report (30) . This result indicates that PDI does not function as a reductase against SV40, in contrast to its action on murine PyV (11) . Instead, in addition to its enzymatic function, PDI is also known to possess a chaperone activity, unfolding ERAD substrates and the bacterial cholera toxin prior to retrotranslocation to the cytosol (47) (48) (49) (50) . If PDI's unfoldase activity operates on SV40, how then might this activity cooperate with ERdj5 to regulate SV40 ER-to-cytosol transport? One possibility is that because ERdj5 reduces the interpentamer disulfide bonds of the SV40 capsid to partially liberate some VP1 pentamers from each other, this reaction could destabilize the virus, which in turn allows PDI to more efficiently unfold the virus. Untangling the VP1 C-terminal arm using PDI's unfoldase activity would indeed be one attractive scenario to further destabilize the viral particle. In this context, another PDI family protein, called ERp29, was shown previously to unfold the VP1 C-terminal arm of murine PyV (8) . However, this protein does not appear to play any significant role during SV40 infection (30) .
Regardless of the precise region of SV40 affected by ERdj5 and PDI, their concerted actions impose a structural rearrangement on the viral particle. This idea is supported by the negative-stain EM images of ER-localized virus, suggesting that ERdj5 and PDI impart structural instability to the virus, as indicated by the de-creased formation of the angular-shaped virus in the ER when these host components are depleted. We hypothesize that this conformational change leads to the formation of a hydrophobic virus, in line with the finding that depletion of ERdj5 alone is sufficient to impair the interaction between SV40 and BiP, an ER-resident chaperone with an intrinsic affinity for hydrophobic proteins. Exposure of hydrophobic regions of VP1 hidden in the native virion and extrusion of the hydrophobic VP2/VP3 proteins buried within the VP1 pentamer (see below) are two potential mechanisms to engender a hydrophobic virus.
What might be the functional consequence of this structural rearrangement? Our experiments indicated that the ERdj5-and PDI-dependent conformational change in SV40 enables the virus to bind to BAP31, an ER membrane protein critical for SV40 membrane penetration (25) . Because BAP31 interacts with the N terminus of SV40 VP2 (25) , the actions of ERdj5 and PDI may lead to the exposure of this minor protein. How VP2 exposure is achieved is unknown, but a recent study of human JCV using mutations that clog the pore of the VP1 pentamer suggests that a portion of VP2 may slip out from this pore (51) . Other ERdj5-and PDI-induced structural changes in SV40 that are potentially recognized by BAP31 deserve additional investigation.
Finally, our analyses revealed a previously uncharacterized connection between the activities of ERdj5 and PDI on SV40 and virus-induced foci. Our laboratory and others previously demonstrated that SV40 infection triggered selective ER membrane (e.g., BAP31) and soluble proteins to reorganize into these foci, where the virus also accumulates (12, 25, 31, 52) ; these foci are thought to represent entry sites from where the viral particle penetrates the cytosol. If this is the case, we envision that impairment of SV40 entry into the cytosol should cause the virus to accumulate in the foci. Indeed, preventing SV40 from entering the cytosol (via depletion of ERdj5 and PDI) entraps the virus in the foci, leading to a significant enhancement of the focus structure. Interestingly, our observation that the focus structure can be enlarged suggests that it has the capacity to "expand" and accommodate numerous viral particles. Precisely how many viral particles are harbored within the foci requires higher-resolution microscopy analysis. Nevertheless, these findings further support the notion that the foci serve as depots where SV40 prepares to enter the cytosol. We note that SV40 can induce focus formation without the ERdj5-and PDI-dependent conformational change that enables the altered virus to bind to BAP31. This indicates that the ability of SV40 to interact with BAP31 does not serve as the trigger for focus formation. We therefore speculate that there is likely an upstream event that targets the virus to the foci; the precise trigger for this reaction remains unknown. Finally, an important question raised by this study that extends beyond the field of viral entry is whether large cellular aggregates in the ER also induce focus formation. If so, the underlying principle guiding SV40 ER-to-cytosol transport may be applicable to the disposal of these aggregates in the cytosol.
